


ae 





“Calhoun 


Institutional Archive of the Naval Postgraduate School 


Calhoun: The NPS Institutional Archive 
DSpace Repository 


Theses and Dissertations 1. Thesis and Dissertation Collection, all items 


1991-12 


Focusing transition radiation with cylindircal 
and elliptical optics 


Votruba, Paul Matthew 


Monterey, California. Naval Postgraduate School 


http://ndl.handle.net/10945/28226 


Downloaded from NPS Archive: Calhoun 


| Calhoun is the Naval Postgraduate School's public access digital repository for 
D U DLEY research materials and institutional publications created by the NPS community. 
get Calhoun is named for Professor of Mathematics Guy K. Calhoun, NPS'‘s first 
KNOX appointed — and published — scholarly author. 


LIBRARY Dudley Knox Library / Naval Postgraduate School 
411 Dyer Road / 1 University Circle 
Monterey, California USA 93943 





http://www.nps.edu/library 


’ 
tgeth ta 


1 49 
aatggad* 
2 ot, Poet 
eae, ote ab 
peop ytd ‘! 
: oy ty Oe 
Py 


pg ad 
» reat he 
‘ 44 


hoyter 


a athyl es 


oy 
“ Pe "3 
Ca 


pele! 
Fnmes 
peat 
ei 


PS i ala Pr 
‘ . 
if wanea ia 
aralata atl ‘ve ae 
sth dieeatae tat taatitg 


Tyta re the ‘ 


sahara 
tabgidia 
’ 3a? 


aotgradnte 
nies phere 


ayaa 


4 dl 
+ qin? BF gb 
fav é DD" ¥ 


s 
iva 
taihs 


« 


al 


Pays 
afi 


va oa ty! ‘each 


kT 


gate 


Ta tele, fa 


4 
yee age ae Cae 


Hatges-4* 


sA'a gigs 
, 


{ bary te! 
sire tte Me 


» 
ce OL On 
ae he i) Det 
salen ta 
hep rier y tgbarwrete 
cba eptgenta bye teheem 
: ‘ Bie Ute ee ae 
git 
ar ar 
r 


» “Seer 
> tg'? BO oe 
ra oe Ye 
’ 


sf 
op pest Se 
te aig as aye 
ve adegd 6 


y.0 cat, Al 


a? 
fe jar He rs 
in te ;: 


Ie 
3) 


‘ 
. 
o tp dete orth 


Phi MIC 
ae be ard he 
> peugeot 


Pa ‘ 
ee by 

f.- fey eae 
5 


’ 
? 
‘at 

2o as 
ae a mht 


Ups erenys 
Petry oa 


tare 
‘nt 


{ 


ald nes 14 Sg hy 44, 


“6 
rere 
ae in’ 


; Yaad ste’. 
© 

ay g ety Bye t 
: 23 bol f 1 
i oP | + fs ' 


pee eg at 


apr bee ae 
Soak aateee wo 
va gustbee ? 

+ 5 eka vet 
on ete 4 ieee 
rat) LS | aye 
Sp etary 23" 


nr weer ee 


toe 
a ae? oat 


A 


Rae 
wader tpebarg te ut 
ovat? 


i] ry Tastee 
phgeratea yey ¢ 
Pe a te ME 
aptetery Aet*gte 
RE Hae ee Die 
pum banned 
sg pie tat ete 


~~ 


ea ea 


J 
} 
$ 
. 
> 
b3 

+ 


‘yt 
i 


rag 9 
24 Ht any 


4h 
vee Fs inet 
Spee 


Hage bzt 


. g 
tana weet ae 


; 
af PU 
PPD eee ee ot x 

ie dgtg of tet eteme te 
naghgt an bre 
tas gare 8 OF 


Oe ey PRE 
Dror s ec beee banners Tener a 


ety hy ep 
wattalat os 
4g fey = 
Ty toh “~ 
: Berges peas 


date he feng ote 
ee . a 4 + BAAN AS 


Swatarets 
agile 


é ae” 


ry ya 
abate 


a 


4 
’ 
out 


& 
ate arn 
eek et 


_ 


te om See 
a rd 


mh 
te 


ARI cans 
= Sin DP ee 
pg Seg Tow a Boned 
at 


soe 


t «Ys $ 
bereits OM EAR 
i 1 esti Fat 


Yer 


ares 


si, 


“gs 


tne 8 phat eat 
a Prt pt 54 a seceas ie 


tty bat 
rig 4:79 

7 ties ee” 

Oo egies A 

wets ft 


‘ 
ae gttegs 
ei et hve 


r 


4 


te 


a's paggeesiors 


«te gets, 


ay Ae Be 
aeons 


vy ain dhe oe 
y Part 7a) bk ae 


otter ein Be 2 
ing 2 2a 1 AOE 
. ba} 


aire 4p? 


Le al 
2S Fava 
arg te ee 

+ eat De heap 
Ne rn Sd store 
ag toby eth o ae werl 


’ 
He Layo tut 4 
+ 105% 


thepes doe 


Mr Fa a 
smal 
¢ Ase 


te, " 
$32 0/1: 
Yah 

Jase ian 

rit “barry % 


> 
vit mae 
ate 


pe ai tee 
ip S 4 * 


? ’ Hera paste 
ne 
Py tee Pi Shir) 


on 
* yd 


*%. Tren gay 


mapbaitgt 
ever 
te, 


ere | 
Toeire 


. 
poi opt Hoa a Ba 


tT teksts 


Jipegsyron pret tere 


1 
a 


: 
tes yy 
Parti het a mia 


ath 
foo at bral dae 


gee 
haat vabyt 4 
ayia teats yeaa 
og pang sen Phy ® FET BEE 
ere yh tet h bal Ags 
Te ae 


as ip"w 
re 


og Fatah 
“~ 


sive 
gary oe 
ty bale 


a mut FS 
"Ay é ».¢ 
Pe) 4 “4 f, ve 


rie be ¢ 
eget dy * ‘ 
Je OAs Aye tee yi 
ageaa con Th ee 


J 


he 
fr 


mraeatates 
i pareaes 


a 
i Gide 4 ane 
tH hE FIM ADEE 
[enh det ete MEN TTT | 


svat nas - ! 
pea te 


Che tae re 


i PA) Sy fn} 
Baal 
POCA 
ey ilalio % 
on 
oe 
~ 


reek 
eae Gut 
ht 


Aen 
ak Da hines abies 
sibk Ts Ope on iP BaD ag-F 
DRAFeA DEM RATLD 15 MOM 
eo 


ny ainss sole Ake 


tet < rz a 
oarabe ple $e of vavier 
rb a’, 
we aaettiaE ne 


a 
i LJ ms} 
pretest a? 
pt ppt eb ive FF. 
“pe aH 


cA gap tg 
i 1 PAS 1G pode 
Guba ty tbe Pete 
ashe ee BE Re adored 
5 pater aline te 


*, 
reer or kL 


Prati tad 
atsaee : 
Petal 


on. 
fobs 
pepisrde has a 
Pere le Wael cae 
gta Tea ah AP B9E ara! 
AGP pseagie is 
an sseecare 
+ eles 
baw BRaite Faded a” 
‘ae Waiter yang 
pane ge Prana ara ry ae 
c] pe Ch hAEG MA ETON 
‘vide wi sunral anes eter 


ane. 
Aan salabegie 


r 
ieraeese: 
That 


eM ten’ a Op Si 
te 


ih) 


gt ere ONE 


‘tea 
pinks FP 


Poy 


acm 
a athou ds 
og apie totnne 
RPiq dale lete 
0 


jer. 
ha ad oP ree? 


ci 
ates Eee ceucthee 
nan ae s e pbiane 

. Shay ay Us 

Arey) 
ay ng ree 

bangs daa’ 
te Sepia be 


+ phdiggt £% 4 
Reeertiey a 
ey te ingu 
y ea hieigie # 
ai) G siatede Hf 
ob e te 
* 
fda tinal 
Shades 


Mave 9 
eat ee 
Febata® 


4 
te eae, 


Sakai Amen 
Me Mali dee 
’ 


“v- 
a Sie 


or ety, 
ta RN 


rte t 
ryow gr oy? 
“tbo Bae 


omy Foe tte Qunad® 
[es oe} 


=m =3¢ 


Moers 


i ey 


4 ‘ 


“ 
pegesy 
we a Soe ! 
aga id 
wee tag 


2% 
pee 
£4; 
fi 


; 
re 


ait 
rr prvdonua 
eorgeepegt 
mE 


Hee 


o> Ba te! 
Wop te de® 


a8 
re 
om 


ory 
are 


ginal 
CTS ig nt] 
rg LTA 
mn 


Sass 
Tease Adt 
eee er ad 


~ 


ne’ ae 


"yee ee et 7 
Rats 
S - oe ele 


A a" © 
Td 
«, 


vag tgs Fag 
+eu4 


nase 


oon 


aad Gi 


ay _ % 
aT) fyhae aad Poe eet (. 8 ee St pa ere 2 wee 


Bie 2A Fg. Yo 
wae ae) * 
Cre tedel | He * 


pe eyes 
wars eget 
Pati oh dbats A 
Mr oi yh ieee 
Thately rede Ty pcre orgs tng tn baie” saps Hee pels 
4 ga ty ucuayelee ty Fas pie Pally OF 
eae ye rem yee "9 
ty oi 2, 
fayhowetegn ROLE tai 
Fats the Spee ls 
Pry i a aa "7 


ras 
war 
Ek bet 


"6 
a 


cad 
fie 


t es 
wepteee gee eur es 
a7 2 je 5 eT tf 
® “sgn 
‘ ra ree 


¥ ar at 
rphyee ‘e' 
Sn Teta ye 
Pree 
eb Ty, 
sister 
sophie 


rote oe facie, s% goerye 
paar nen Fay vg bileatingegt: 
rss bra 
Lad 
cea pt 


ay 
(7 , 


peyeaes 
Tanaris BE 
ore re 


RnR HT tr tee Le titra be 
aay Benge : ; ; 
” a akg tying em pre arte Staryeatare 
sett tata tn 8 PEAS amerrs o Rae a 
gias et er kk 
aaa eis Ve Fae! 


io 3 Lid be 
L Ri) rats od 
shoes eas sasegeemue epee tered 
t ju Aer’ 





ab Ma: 
wi uc @ oe Gh HOE 


Se N gine 1a pepe get 

Gud sagen tpeower re ee 

wiettae na ures? A 
PS 


b 


age ig 
geen | 


an 
4. 
ge yter 
KI 
Lebel dr Peete 
a ags> 4 
at 


aq ang had 40 7) 


got tpt: 


ng A 
EL i m Smeeen 
ele et 











NAVAL POSTGRADUATE SCHOOL 
Monterey , California 








THESIS 


FOCUSING X-RAY TRANSITION RADIATION 
eee yY DINDRICARMAND ELLIPTICAL OPTICS 


by 


Paul Matthew Votruba 





ie Si SmAd y 1 Sor: Xavier K. Maruyama 


Approved for public release 
distribution unlimited. 





UNCLASSIFIED 
SECURITY CLASSIFICATION OF THIS PAGE 





Form rov 
REPORT DOCUMENTATION PAGE AE Ee 


la REPORT SECURITY CLASSIFICATION Yb RESTRICTIVE MARKINGS 
tuinclassified 
2a SECURITY CLASSIFICATION AUTHORITY 3 DISTRIBUTION / AVAILABILITY OF REPOR? 


2b DECLASSIFICATION / DOWNGRADING SCHEDULE Approved for public release; 
| distribution is unlimited. 












4 PERFORMING ORGANIZATION REPORT NUMBER(S) 5 MONITORING ORGANIZATION REPORT NUMBER(S) 













6b OFFICE SYMBOL 
(If applicable) 


33 


6a NAME OF PERFORMING ORGANIZATION 7a NAME OF MONITORING ORGANIZATION 





Naval Postgraduate School 





Naval Postgraduate School 


6c. ADDRESS (City, State, and ZIP Code) 7d ADDRESS (City, State, and Z/P Code) 













Monterey, CA 93943-5000 Monterey, CA 93943-5000 















Bb OFFICE SYMBOL 


(if applicable) 


8a NAME OF FUNDING / SPONSORING 9 PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER 


ORGANIZATION 


10 SOURCE OF FUNDING NUMBERS 


PROGRAM PROJECT TASK WORK UNIT 
ELEMENT NO NO NO ACCESSION NO 


8. ADDRESS (City, State, and ZIP Code) 








11 TITLE (include Security Classification) 
FOCUSING X-RAY TRANSITION RADIATION WITH CYLINDRICAL AND ELLIPTICAL 





OPTI 

12 PERSONAL AUTHOR(S) 
Votruba, Paul M. 

13a TYPE OF REPORT 13b TIME COVERED 14 DATE OF REPORT (Year, Month, Day) 
Master's Thesj CO | es Necembe 99 99 

16 SUPPLEMENTARY NOTATION 

The views expressed in this thesis are those of the author and do not reflect the ~ 


official poli Or position of the Department of Defense o he ‘overnmer 
17 COSATI CODES 18 SUBJECT TERMS (Continue on reverse if necessary and identify by block number) 


Focusing Optics, Transition Radiation, 
eee SCX Rays 





19 ABSTRACT (Continue on reverse if necessary and identify by block number) 


We have demonstrated the ability of a nickel elliptical tube to 
focus the conically diverging pattern of x-ray transition radiation. The 
x-ray TR was produced by passing moderate-energy (60 to 100 MeV) electron 
beams through targets consisting of thin (1 nm) multiple foils of 
aluminum and titanium. The foils were placed in a vacuum chamber; 
perpendicular to the Naval Postgraduate School's linac primary beamline. 
An elliptical nickel tube, with a length of 30.5 cm, was’7 placed 
concentric to the axis of the conical photon beam (as defined by the axis 
of the electron beam) with an entrance and exit of 1.4 m and 1.7 mo, 
respectively, from the source of the TR at the end of the foil stack. 
The intensity profile was subsequently measured with a linear image 
detector placed 3.0 m from the exit of the foil stack. Through a series 
of experimen aking into 3 Oun roe - - ® ace onghne he 
20 DISTRIBUTION / AVAILABILITY OF ABSTRACT 21 ABSTRACT SECURITY CLASSIFICATION 

CU UNCLASSIFIEDUNLIMITED (1) SAME as RPT © pric USERS Unclassified 
22a NAME OF RESPONSIBLE INDIVIDUAL 22b TELEPHONE (include Area Code) | 22c OFFICE SYMBOL 
DD Form 1473, JUN 86 Previous editions are obsolete. ___ SECURITY CLASSIFICATION OF THIS PAGE 
S/N 0102-LF-014-6603 ee 


1 


UNCLASSIFIED 


SECURITY CLASSIFICATION OF THIS PAGE 
Block 19 Continued 


nickel elliptical tube demonstrated the ability to collect 3 to 5 
times more energy than a cylindrical quartz tube. 


DD Form 1473, JUN 86 (Reverse) SECURITY CLASSIFICATION OF THIS PAGE 
pea UNCLASSIFIED 


Approved for public release; distribution is unlimited. 
Focusing Transition Radiation with 
Sencar ical and Elliptical Optics 
by 
Paul M. Yotruba 
Lieutenant, United States Navy 
B.S., University of Minnesota, 1982 
Subme trea in Dartaal fulfiliment of the 
requirements for the degree of 
MASTER. OF SCIENCE IN PHYSICS 


from the 


NAVAL POSTGRADUATE SCHOOL 
December 1991 


ABSTRACT 


We have demonstrated the ability of a nickel elliptical 
tube to focus the conically diverging pactern Of )x-ea 
transition Lradla.-10n- The x-ray TR was produced by passing 
moderate-energy (60 to 100 MeV) electron beams through targets 
consisting of thin (1 wm) multiple forlis of aluminum 
titanium. The foils were placed in a vacuum chamber; perpen- 
dicular to the Naval Postgraduate School's linac primany 
beamline. An elliptical nickel tube, with a length of 30.5 
cm, was placed concentric to the axis of the conical phagar 
beam (as defined by the axis of the electron beam) with an 
entrance and exit of 1.4 m and 1.7m, respectively, from the 
source of the TR at the end of the foil stack. The intensity 
profile was suhsequently measured with a linear image detector 
placed 3.,0.m from) ene™ 6x. pot ce he tome etac.. Through 
series of experiments, taking into account the effects of 
surface roughness, the nickel elliptical tube demonstrated the 
ability to collect 3 to 5 times more energy than a cylindrical 


quartz tube. 
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I. INTRODUCTION 


A. THE THEORY OF TRANSITION RADIATION 

Transition radiation was discovered by Ginsburg and Frank 
in 1946 [Ref. 1]. They noted this radiation whenever a 
charged particle suddenly passed from one medium to another. 
Since different media have different electromagnetic proper- 
mmes, the flelds characteristic of the particle's motion will 
ese, be different. This will be true even if the particle's 
meeron wS uniform throughout both media. The fields must 
reorganize as the particle passes through the interface of the 
media. During this reorganization, pieces of the fields are 
Pom@eted as transition radiation. 

When high energy electrons cross an interface between two 
Meemta, transition radiation is produced in the form of soft x- 
lays . Uiessvield "on this radiation 1s proportional to the 
number of interfaces the electrons must cross. The interfaces 
under study and used in most applications are foil stacks 
separated by vacuum. imac: loOnmractatlon LS produced when 
the electrons cross the vacuum-foil interface. In order to 
feaxmmeze this photon production, the re-absorption of photons 
within the media must be minimized. The photon absorption in 
vacuum is negligible and in the foils is dependant upon the 


foil thickness. By making the foils as thin as possible, re- 


absorption will be milnimeged However, if the foil is less 
than a minimum thickness called the formation length, photon 
production will decreadsSem@eervontitecane Therefore, the 
optimum thickness of the foils which will balance photon 
production and re-absorption must be determined. In previous 
studies [Ref. 2] om soft x-ray transition radiation preaues 
tion, the foil thicknesses used have been between 0.5 and 5.0 
MEenenc. 


Using Bhin foilsor thickness 1. angio! asmamenmco ve > 


separated by a vacuum of thickness l. and plasma frequency wr, 
given 1. — J. anc w. >> w:, the transition radiation is emzittea 
at frequencies < yo: (y=E/0.511, is the Lorentz factor where, 
E is the electron energy in MeV) [Ref. 3]. Above this 
frequency radiation falls of dramatically. Since the plasma 
frequency of a material 1s proportional to theysquare rootye. 
its density, and the above cutoff frequency is proportional to 
the plasma frequency, it follows that the cutoff frequency, 


Yo,, 1S proportional to the square root of the foal @cencra@ 


The plasma frequency is given by [Ref. 4] to be: 


Vv 
ee CA ae 


where nis the number of electrons in an indivicua! foil and 
is determined by the foil] density. 
The spectral intensity produced by a single electron 


Mmeeaversing a single foil interface is given by [Ref. 2] to he: 


oO 


d’N «9 
dQduw ~ 7a a Z,) (lea) 





where Z. and Z, are the formation lengths of the two dielec- 
trics (media) given approximately hy: 
Z, = 


; ei) 
® (= & ea Gr) 


Y wo 


where i=l, 2; @ is the angle of emission with respect to the 
meee tron trajectory, y is thé® angular frequency of the 
madaation, @: are the plasma frequencies of the dielectrics, 
Gumomne fine structure constant (a=1/137), ¢ is the speed of 
mrcohit, N, is the number of generated x-ray photons, 2 is the 
solid angle measured in steradians. If we neglect absorption 
and coherent phase addition, the total flux produced hy M 
foils would be 2Md’No/dQdy. However, the number of foils used 
ms limited by re-absorption in the foils, M<2pl,, where p 15S 
the x-ray absorption coefficient and I, Tomene tLareKknesse Or 


moe foil. 


As can be seen in Figure 1, transition “fadiation—ae 
emitted in a very tignt “forvearo cone. The angle of peak 
emission is found by taking the derivative cE vequaetion i 
with respect to 86 and setting the expression equal to zero. 


This angle is given by [Ref. 2]: 


ee = 1/3{-(6,+6,) + [(8,+8,)?+128,8,]'*} 





( 13745) 
where 
1 2 
| jae A i- 1,2 
2y7 20° 
For y >> iad , the angle of peak emission and the angular 
G). 
I 
Width are approximeaceanr,] 
Gg (1.5) 


For example, assume a 50 MeV electron beam. The angle of 


peak emission, 8,, and the angular width, A®@, would be 10 


mrad; therefore at one meter away from the foil stack, the 


radiation would illuminate an annulus of approximately 3 cm . 


FOIL STACK 






Figure l. A schematic diagram of the cone of emission 
produced by transition radiation showing the peak emission 
angle and range of emission angles. 


lee TRANSITION RADIATION AS A SOFT X-RAY SOURCE 

It has heen shown in previous studies [Ref. 5] that 
transition radiation, TR, €an provide a bright Seurce 61 esau 
X-rays. One of the most attractive features of using TR as a 
source is that soft x-rays can be produced using moderate to 
low electron beam energies. It has been demonstrated [Ref. 6] 
that 900 eV to 3 keV soft x-rays can be generated by passing 
17-109 MeV electron beams through targets consisting of thin 
multiple foil stacks. It follows that moderate energy linacs 
along with transition radiatars Can Merovide ae raccmeam 
alternative to high power soft x-ray production. When 
compared to synchrotron sources, transition radiation is 
brighter on a per electron basis by at least 3 orders o£ 
magnitude [Ref. 2, 7, 8]. In addition, due to the high energy 
of synchrotrons, in comparison to the low energy linacs 
required for TR, the cost advantages of the latter are 
substantial. As a matter of fact, the cost of a 50 Mev 
accelerator 1s competitive with conventional bremsstrahlung 


sources [Ref. 6]. 


TI. FOCUSING OPTICS 


A. GRAZING INCIDENCE 

Grazing incidence optics have been used for many years in 
a wide variety of applications, ranging from x-ray microscopes 
to x-ray waveguides. In most cases, the reflecting optics are 
nothing more than cylindrical tubes with varying diameters. 
The inside surface of the tube is either straight or ellipti- 
eal. However, the use of these simple optics has led to 
Significant advances in the sciences. X-ray microscopes have 
been used to study biological specimens, while x-ray tele- 
scopes have been used to study the stars. In addition, the 
Critical angle of reflection has been used in the design and 
fabrication of x-ray waveguides. These waveguides have 
demonstrated the ability to transmit soft x-rays an apprecia- 
ble distance. 

Due to the extremely tight conical and symmetrical 
Peetern Of transition radiation, it is well suited to the 
geometry involved with cylindrical grazing incidence optics. 
Since materials have an index of refraction less than unity at 
x-ray wavelengths, TR can be entirely reflected at a vacuum- 
material interface. The complex index of refraction, n, 1S 


Given as: 


T= 1201p 
(2a 


where §6 and B are positive, and 6 is defined in equation 1.4. 
If the imaginary part of the complex index of refraction, B, 
is negligible, total reflection from a vacuum-material 
interface occurs if the angle of Gnciderce mice ¢ceeed eee 
Critical angle wnere. 


6 = cos es) em 
c im 2 | 


In “equations wl. 4 ancm27. w. is the plasma frequency of the 
optics medium and » is the frequency of the transition radia- 
{i One Renee: |. For purposes of this thesis, the angietan 
incidence (grazing angle) is defined as the angle between the 
reflecting optics surface and the incoming x-ray beam. Thera 
ray beam's angular divergence must be sufficiently small so 
that reflection of the x-ray beam occurs at the surface and is 
not absorbed. For a solid material, such as quartz eee 
maximum angle of incidence is given by the critical angle as 
previously stated. 

For example, quartz has a plasma frequency of @.=33.2 ev. 
This yrelds a Critical angle ee- o7 cl mrad for 2 keV photons. 


Therefore x-rays hitting the surface of the optics at angles 


less than 16.61 mrad will be reflected with almost 100% 
Smerclency. The case is the same for conventional x-ray 
sources, however, due to the highly divergent nature of these 
sources, grazing incidence optics are impractical. Again, the 
main features of TR that make the geometry of a hollow 
Eeermarical optic so perfect for focusing, is the small 
divergence and the circular symmetry around the axis defined 
pyvemmemelectronm beam. By placing a cylindrical optic so that 
the electron beam travels down the geometric center, the TR 
will be reflected and focused. Figures 2 and 3 illustrate the 
Pieemence Of Cylindrical focusing optics on the TR x-ray 


weeelomeprorile by means ofa computer ray tracing simula- 


il Ole 
B.. DESIGN OF CYLINDRICAL OPTICS 

Figure 4 shows the general design of the cylindrical 
Sptueeal +ocusing Ssystém. The dimensions that need to be 


Speemimed are: the diameter of the cylindrical optic D, the 
Poceamroen OL the optre entrance L., ene oOcatlom oretne optic 
exit L. , and the location of the detector plane L,. These 
dimensions must be designed in order to maximize the magnitude 
of the peak flux over a focal spot of specified diameter d. 
for TR produced by an electron beam of diameter d.. mane first 


step is to determine the angle of peak emission of the TR. 


This was previously determined and isS"%oijen by Secuatien.. ace 
However, since the flux is emitted in an annulus, larger 
radial angles result in large areas of emission, and, hence, 
larger numbers of photons. In other words, more photons are 
emitted for angles slightly larger than 8. because there is 
more area of emission. Therefore, this must be taken into 
account when designing the optics. The spectral intense 
a single interface 15S given by equation 1.2. In order to 
determine the optimum angle of emission, equation 1.2 is 
multiplied by 86, the derivative with respect to 6 is taken, 
and the expression is set equa! to zero. The optimum angle of 
emission for collecting the most radiation is then given as: 

Oo, = 1/56 +6.) 4 (68) 705)- O08, Foi se 


where 





(2.4) 


Using the geometry shown in Figure 5, along with oe as 
calculated above, and given a finite electron beam diameter d. 
and finibes focal Spot ta amerer dl. ; the optimum diameter, 
length, and placement of the cylindrical optic can be deter- 


mined. As can be seen from Figure 5: 


(2.5) 
D - L, tan @,, 


10 





Figure 2. Computer ray tracing simulation and emission 
profile of the x-rays generated from a transition radiator 
Wee noue LoCcuSiInNg optics. The vertical dimension is 
greatly magnified relative to the horizontal. 
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Figure 3. Computer ray tracing simulation and emission 
profile of the x-rays generated froma transition radiator 
with focusing optics. The vertical dimension is greatly 


magnified relative to the horizontal. 
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Figure 4. Monterey NPS experiment. The electron beam enters 


from the left where it strikes the foil stack and x-rays are 
emitted downstream. The dump magnet separates the electrons 
from the x-rays. The focusing optic reflects the x-rays to a 


focus at the detector. 
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Figure 5. A cross sectional view of the hollow cylindrica] 
optic focusing system showing the conditions for focusing a 
finite diameter beam. The tube diameter D, the beam diameter 
d,, the focal spot diameter d,, the lengths L,, L,, L;, and the 
angles a, 8B, and oT are shown. : 
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Calculating the dimensions necessary to reflect extreme rays 


to the point of focus we see that: 





D-d, D+d, 
SF OL «UOMeL) (2.6) 
2L, 2(L, L,) 
therefore: 
‘ L.,(D-D,) 
2D+d,-d, (2.7) 
and: 
D+d, D-d, 
a,” Wel) 2-8) 


where 8B is the angle defined in Figure 5. 


therefore: 


L,(D+d,) 
2D+d,-d, ae) 


Therefore, given the diameter of the electron beam da. , the 
diameter of the focal spot d,, and the location of the 
detector plane Li; the tube length L=L,-L, anc SOS Isr On L, 
and L, can he determined. 

In summary, the procedure for designing the cylindrical 


optics is as follows: 


1) Caleubate ee Erony eqUa ci Omer o> Parameters needed 
include: electron beam energy, plasma frequency of the 
foil material and spacing medium, and the angular 
frequency of maximum photon emission. 

2) Calculate the diameter of the optic using equation 


2 oe Parameters needed are 6 and the distance to 


L 
the desired focal point. ae 


3) Calculate the locations of the optics entrance and 
exit uSing equations 2.7 and 2.9, respectively. 
Parameters needed include: the distance to the desired 
focal point, diameter of the electron beam, diameter 
of desired focal spot, and the diameter of the optic. 

c.. CYLINDRICAL FOCUSING SIMULATION 

For a given electron beam of energy E incident upon a 
stack of M foils of thickness 1,7, separatvon (ye eae 
frequency o,, and energy dependent absorption coefficient, the 
flux (photons/electrons/sr) as a function of angle 1s)caleue 
lated. A typical! example is shown in Figure 6. Using this as 
an input, along with the specified dimensions and placement of 
the cylindrical optic, the x-ray intensity profile proqduc-cuae 
a TR source coupled to the optic is predicted. A typical 
example iS Shown” 1m Figuvem:- Figure 8 shows a direct 


comparison of TR before and after focusing from a previous 


experiment [Ref. 6]. 


Dy ENERGY AND ANGULAR DEPENDENT REFLECTIVE LOSSES 
There are three ways that the intensity of an x-ray 


reflecting from a material surface can be attenuated: 
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Mecuwre 6c. The calculated emission profile of?soft "x-rays 
generated from a transition radiator without focusing 
optics. 
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Figure 7. The calculated emission profile of soft x-rays 
generated from a transition radiator with focusing optics. 
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Figure 8. A measured profile of soft x-rays generated by a 93 
MeV electron beam incident upon a stack of eight 3.5 um-thick 
foils. The profile was measured at a distance L,=1.35 m from 
the foil stack. 
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1) Transmission Loss 

2) Absorption 

3) Surface Roughness Deflection 
When an x-ray beam strikes a solid surface, a portion of the 
beam is reflected and a portion is transmitted. The portion 
that 1s transmitted depends mainly on the real part of the 
dielectric constant of the material and on the angle of 
incidence of the incoming x-ray beam. The largerethe anc wom 
incidence, the larger the transmitted portion of the beam will 
be. Absorption of the x-ray beam depends primarily on 8, the 
imaginary part of the dielectrie constant given in equartwan 
2.1. Absorption of the beam is that portaienmethat 15 nema 
reflected nor transmitted. Lastly, when the surface of the 
reflecting material is uneven, the incoming beam will be 
deflected in many different directions. The rougher the 
surface, the larger this loss will be. 

The amplitude of the reflected x-ray beam can be found in 
classical electro-dynamic theory [Ref. 9], which accounts for 
the transmission loss and absorption: 

Rt n?sin@ -(n?-cos?6 )!? 


At n*sin® ,+(n*-cos’6 )'* 2 


Rn __sin0,-(n?-cos*6 )'” 


‘An sin@ ,+(n*-cos*@ )'? a 
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where the index of refraction, n, 18 a complex number and 6. 
Memtene angle of incidence. A. and A, are the magnitudes of the 
tangential and normal components of the incident electric 
meld and R, and eee the corresponding magnitudes of the 
reflected electric field. Therefore the reflectivity 1s given 
Dy : 


Rn*+Rt? ip 
1 ie CT ae Goa ) 


In this experiment we have a plane wave travelling in a vacuum 
incident on a smooth planar boundary of quartz or nickel with 
mueomplex index of refraction as given in equation 2.1 with 
mae imaginary part, 8, being negligible compared to the real 
part in the soft x-ray energy range [Ref. 10]. If 6: has the 
value of 6. Cea Cm ee Ma CG eben e@uatlons 2,10, 2ebl, 


Sma 2.12 reduce to: 


Rr Rn sp 21 
At An L 
Meeeeetne incident wave is totally reflected. If 6: 1s less 


ean 6., Come rac ation can propagate in the optic and 
the wave is totally reflected. 

Menor ne erfrect wot a displaced lattice on x-ray scat- 
tering as a model for surface roughness deflection, the 


meeemiatdon of the intensity 1s given by [Ref. 9]: 


Za 


a (28 


where o is the rms roughness of the surface, 4 1s the x-ray 
wavelength, I, and I, are the attenuated and ideal intensities. 
Since the first Fresnel zone is much larger than the mean 
period of the roughness 5s, i1.e.: 


ike (nod)? 
sind . C2. ae 


3 
This model is valid, and this condition is certainly satisfied 
by TR where, as previously shown, @: is on the order of mrad 
(e.g., 8.=10 mrad given an electron beam of 50 MeV). £There- 
fore the total reflectivity 18 given by the product of Resa 


p 
I,/I, as given by equations 2.12 and 2.13 respectively. 


Furthermore, Jf Gas | esoeaaan 8., R =l and the total reflect- 
1vity 1S given solely by equaticon 2-14. 

Examining these formulas shows a dependance on the angle 
and frequency of the beam. Given a 933 MeV electron beam 
incident on a stack of 8 mylar foils, 3.5 im thick, ame 
assuming 2 keV x-rays are produced, the influence of optics 
loss (Ref. 6] on the flux intensity profile is shown in Figure 


9, Results are shown for the case of no loss, the case of 


loss with zero surface roughness, and the case of loss with 25 


Ze 


nm x«rms surface roughness. The calculation assumes that 8 is 
meagligible and n=.999559. Figure 10 {Ref. 6] shows a plot of 
the energy and angular dependant reflective loss coefficient 


for a lmmoerms surface roughness given the same parameters. 


E. BOLIPTICAL OPTICS 

The main objective of this experiment was to focus as 
much of the TR cone as possible. In order to achieve this 
objective a straight-walled surface with a circular cross 
Beeeion will not suffice. However, elliptical optics “cam 
provide the required geometry that will focus the entire 
mereeeaeron cone to a single point. Using elliptical optics has 
meempOoSsSibility of increasing the overall intensity of the 
mea! Spot by one to two orders of magnitude in comparison to 
straight walled optics [Ref. 6]. 

Peematnemacical property of an ellipse states that if a 
meaye LS emitted at one focal point it will be reflected and 
Micmmately travel throwGh the other focal point [Ref. ll]. As 
Mmemehe Case with straight-waled optics, this will occur only 
Mmeamene angle of incidence is less than the critical angle, as 
Seven Dy equation 2.2. The only requirement is that the 
surface of revolution around the major axis of the ellipse be 


made to reflect the entire radiation cone. 
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Figure 9. The calculated emission profile of soft x-rays 
generated from a transition radiator with focusing optics. 
The calculation shows the influence of the angular and energy 
dependent reflective loss on the peak amplitude of the focused 


radiation. Solid curve: calculated for idealized lossless 
optics. Once dash curve: calculated for real optics with 1 nm 
RMS roughness. Two dash curve: calculated for real optics 


with 25 nm RMS roughness. 
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Beowure LO. The calculated reflectivity of quartz 
function of angle and x-ray energy. 
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as 


a 


Given the parameters of the TR cone, the dimensions of 
the ellipse can be calculated from the polar equaticn cima 


ellipse: 


_ a(i-e’) 
l+ecosa (2.15) 


where ais the radius of the major axis, eis the eceent mene 
of the ellipse, x=rcos¢, and y=rsing. See Figures 11] anduee 
The needed eccentricity of the ellipse is calculated [Ref. 9] 


by obtaining the slope of the tangent to the ellipse, dy/dx. 


dy dr do 


— = sino— +rcose— 
dx dx dx (2. iy 


dr dr. do 
x (7 ? 


dr resing 
dx l+ecose 


dx resin 2cos@ 
——. *§ --n Oo + ————— 
do 1+ecose 
do 7 (ase. 
dx rsin 2 


SUDStLEUtine 


2 
dy = ee rcos oe (2 17) 
dx 1+ecose rsine : 


ZG 





Figure ll. A schematic cross-sectional view of the elliptical 
wall hollow cylindrical optic showing the conditions for 
focusing the divergent cone of transition radiation originat- 
ing at point F., and focused at point F,. The semimajor axis 


a, semimajor axis b, and distance from center for focus are 
shown. 





Figure 12. A schematic of the use of a finite dimensional 


elliptical optic to focus the transition radiation cone 
produced by a foil stack. 
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SIN 3 (2.165 


solving rene > 


e = -tan(0-0 )sin8+cos@ 


(2.195 
where 6 1s defined as n-¢g. Since 6,<6<6,, Lew 
0 = 6.-¢, 
(2.268 
and 
Gace, 
(2 2am) 


Subtracting equatiom 2.2 from 2.20, given that ©, 1s thewsoen 


order of magnitude as €., equation 2,19 can be written as: 


e = -tan(0 -9)sin8+cos6 
(22225 


The maximum TR cone angle is approximately = and the minimum 
iy. 
angle 1S approximately a Substituting these limits “mee 
Y¥ 
equation 2.20% 


e = -tan(0_-—L)sin(—L)+cos(—L) 2 
a eee 1G eee 
© 2y 27 27 
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For example, if E=50 MeV, the plasma frequency w=33.2 eV, and 
the x-ray photons have an energy of 2 keV; then x =5mrad 
and 6,=16.61 Modder USING equation 2.23, the + ene of 
the ellipse is calculated to be 0.99992. Then, given a value 
for the major axis a, the required minor axis b can be 
calculated from: 


b = avl-e? 
2002.4.) 


Table I shows design parameters for 25, 50, and i100 MeV beam 
energies. It is assumed that the peak emission is produced at 


] 1 3 


an angle of — and that the emission ranges A Oe to mae 
The critical angle has been calculated using Peg a 
The distance from the source at one foci of the ellipse to the 
focal spot at the other foci of the ellipse is Ly, and 


therefore the major axis a is L,/2. The calculations were 


made for two different values of L, [Reis 16) 2 


a 


TABLE I. DESIGN PARAMETERS FOR AN ELLIPTICAL OPTIC GIVEN 
VARIOUS ELECTRON BEAM ENERGIES. THE PARAMETERS 
WERE DEFINED IN THE PREVIOUS SECTIONS. 


BEAM ENERGY 25 Mev 50 MeV 100 MeV 
1/2y(mr ) 10.24 Selec 2 316 
1/y(mr ) 20.48 10.24 Seal 
Si) Zanes 20a 2 see She TOS 
Sate 0.99988 0.99992 0.99996 
Given: L, = 1.35 m 

DIAMETER @ L,(mm) WS) Is 1S eae lies 
DIAMETER @ L, (mm ) AWS Tey 6.4 
DIVERGENCE @ FOCUS (mr) 25 28 Sil 

a (mm) 6 75.0.8 67eops0-5 6750 
b (mm) Os gai6 8.10 5.98 
L, (m) O27 Ot Oe 
L. (m) 0.94 1.14 i eae 

Given: L, = 3m 

a (mm) 1500.34 2500 2258 15002 
bes imme 82 25 19 

L. (m) ah leet eee 
L. (m) 2 9 1.8 
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TII. EXPERIMENTAL SETUP AND PROCEDURE 


The experimental setup is shown in Figure 4. he COn- 
Beieeea of the linear accelerator (linac), main scattering 


chamber, dump magnet, focusing optic, and x-ray detector. 


A. LINAC 

The linac is a three SAR. PeSed mms -Dana Rr accel— 
erator with an energy from 20-100 MeV and average currents of 
less than 0.25 microampere. The beam pulse duration 1s about 
one microsecond and the pulse repetition rate is 60 Hz. 
Electrons, generated by an electron gun, are accelerated by 
riding an RF wave through three stages of acceleration. Once 
accelerated, the electron beam is deflected by magnets into 
the main scattering chamber as shown in Figure 13. The 
control room has the control equipment for the acceleration of 


the electrons and to steer the beam into the target areas. 


5. MAIN SCATTERING CHAMBER 

The main scattering chamber is a 24 inch diameter vacuum 
chamber. At the center of the chamber there is a target 
ladder which can be raised, lowered, and rotated. Several 
viewing ports provide for visual and video alignment of the 
target. The target ladder controls are located at the linac 


operation panel, and stepping motors remotely control the 
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fecal position and rotation» of the Jadder in the main 


scattering chamber. 


Cc. DUMP MAGNET 

Once the electron beam transverses the foil stack 
(target) in the main scattering chamber, and the diverging 
cone of TR is produced, the electron beam must be diverted. 
This is accomplished by placing a deflection magnet in the 


path of the beamline. 


D. FOCUSING OPTICS 

Boma cylindrical quartz optic anda nickel plated 
cameeetical optic were used in this experiment. The nickel 
fmercewas manufactured by Adelphi Tech. Inc., and the quartz 


optic was a standard glass tube that may be purchased by one 


of many vendors. These optics Specifications are lJaisted in 
Table II. 
ae LINEAR IMAGE SENSOR 


A 25.6 mm long linear diode array, manufactured by 
Hamamatsu Corp., was used for detecting the soft x-ray 
Mmmeensity profile. This array consists of 512 silicon diodes 
on 50 micron centers. It allowed real time observation of a 
one-dimensional image of the spatial distribution at focus. 


The detector is sensitive to photons in the energy range of 1- 


W 
we) 


10 keV, #tand therlefore Well” suited wiormscor tee ace Bac 
detector element has a photosensitive area 50 micron wide by 
2.5 mm high. AS an option, slits can be placed in fromeuae 
the detector to reduce the effective height, thus providing 
better resolution. The incident photons produce a charge 
which is accumulated on the individual detector element 
Capacitors, and the voltage across each are 1s read out 
serially during an analog readout cycle. The analog voltage 
Signal from the diode array was input to a Metrabyte 12-bit 
Analog to Digital Converter, and the subsequent intensity 
profile was displayed on an IBM AT computer. This image was 
also displayed on an oscilloscope on a pulse to pulse basis, 
and the electron beam parameters were varied toa achieve 


maximum peak@piseternmeeeus ate Eocuc- 


Re AJ, IGNMENT 

The foil stacks were placed in the geometric center of 
the main scattering chamber perpendicular to the incoming 
electron beam. The optics were mounted with the tube entrance 
1.4 meters and the tube exit 1.7 meters from where TR exits 
the foil stack. The optics were located concentric to the 
inside of a1l.5 inch diameter vacuum pipe downstream of the 
dump magnet. The linear image sensor was placed at a distance 


of 3.0 meters from the foil stack exit. The electron beam was 


Passed through the foil stack, TR was produced, focused bv the 


optics, and collected by the linear image sensor. 


maou Ll. CHARACTERISTICS OF X-RAY IMAGINING OPTICS USED 


[Quartz [wicker | 
Semi-Major Axis (mm) 
a a a 


* Mime surtace roughness of the quartz cylindrical optic 
was determined by a contact measurement using a Dectack, 
whereas the surface roughness of the nickel elliptical 
optic was determined by a non-contact measurement using an 
inferometer [Ref. 12]. 











Diameter @L (mm) 
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IV. RESUILTS 


The ahove procedure was repeated several times, varying 
the following parameters: 

1) Type» of "Upc 

2) Electron Beam Energy 

3)"Type of Fowl Stack 

4) Inclussen- oat “sits 
These parameters are summarized in Tahle III. It should he 
noted that trials 9 and» 108 included Covering the ores. 
entrance with 6.5 microns of mylar. This was an attempoued 
filter the low energy x-rays and will be explained in more 
detail in the next chapter. 

In order to produce intensity profiles, several conver- 
Slions to the computer generated data had to he made. The 
capacitance, C, of the Hamamatsu detector is 4.5 pF [Ref. 13]. 
The detector Conversions ebhiclene,. vis between 1-5 keV 1s 
approximately 0.22 Coulombs per joule [Ref. 14]. The areawen 


the detector, A, With and Witnoue slivts seen mim* and 0.1923 


A 


mm respectively [Ref. 13]. The numbers generated by the 
computer, N, are voltage Gimmes) tour) pete The pulse 
duration, t:, 18 l16./ msec. Thescur rent oo is displayed on 


the secondary emission monitor which has an efficiency, Vos of 
0.127 [Ref. 15]. Taking all of these factors into account the 


final conversion becomes: 
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PhotonFlux _ CNv, 
(Jicoulomb]mm?)  4v,Al 2, 


This conversion was made to the computer generated data and 
the one-dimensional intensity profiles corresponding to Table 
III were produced. The profiles are shown in Figures 14-23. 


The diameter of the focal spot is represented by the FWHM. 


TABLE III. PARAMETERS OF INDIVIDUAL X-RAY FOCUSING EXPERIMENTS 


(Mev) ene) = 
px icker [89 2. 76x10 
SE eee 
fries — frst fo 
 . ee ee 
(sfguartz [es [a.iexto’ far [no 
SSeS eee ees oC 


7 Nickel | 96 2 Jit Yes 












meial *# 





Orla tae Z ae 26x10" 


os oe 
20 quartz |95 | 2. 36x10" 


Note 1: The current is based on an S.E.M. efficiency of 
opel? 7 . 

Note 2: Trials 9 and 10 were taken with 6.5 microns of 
mylar covering the entrance of the optics. 
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Figure 14. Measured 1-D emission profile of soft x-rays 
focused by a nickel elliptical optic. The soft x-rays were 
produced by an 85 MeV electron beam incident on a 10 foil 
stack of aluminum with 1 wm thick foils. The flux at peak 
height is 0.12 J/coulomb and the FWHM is 2.45 mm. 
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Figure 15. Measured 1-D emission profile of soft x-rays 
focused by a nickel elliptical optic. The soft x-rays were 
produced by an 85 MeV electron beam incident on a 10 foi] 
stack of aluminum with 1 pm thick foils. The flux at peak 
height is 0.16 J/coulomb and the FWHM is 2.00 mm. 
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Figure 16. Measured 1-D emission profile of soft x-rays 
focused by a nickel elliptical optic. The soft x-rays were 
produced by a 61 MeV electron beam incident on a 10 foil stack 
of aluminum with 1 pm thick foils. The flux at peak height is 
.058 J/coulomb and the FWHM is 1.82 mm. 
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Figure 17. Measured 1-D emission profile of soft x-rays 
focused by a quartz elliptical optic. The soft x-rays were 
produced by a 92 MeV electron beam incident on a 10 foil stack 
of aluminum with 1 pm thick foils. The flux at peak height is 
0.74 J/coulomb and the FWHM is 0.94 mm. 
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Figure 18. Measured 1-D emission profile of soft x-rays 
focused by a quartz elliptical optic. The soft x-rays were 
produced by a 65 MeV electron beam incident on a 10 foil stack 
of aluminum with 1 pm thick foils. The flux at peak height is 
0.31 J/coulomb and the FWHM is 1.19 mm. 
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Figure 19. Measured 1-D emission profile of soft x-rays 
produced by an 89 MeV electron beam incident upon a 10 foil 
stack of aluminum with 1 pm thick foils. No focusing optics 
present. 
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Figure 20. Measured 1-D emission profile of soft x-rays 
focused by a nickel elliptical optic. The soft x-rays were 
produced by a 96 MeV electron beam incident on a 10 foil stack 
of titanium with 1 pm thick foils. The flux at peak height is 
0.60 J/coulomb and the FWHM is 1.35 mm. Slits installed. 
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Figure 21. Measured 1-D emission profile of soft x-rays 
focused by a quartz cylindrical optic. The soft x-rays were 
produced by a 95 MeV electron beam incident on a 10 foil stack 
of titanium with 1 pm thick foils. The flux at peak height is 
1.50 J/coulomb and the FWHM is 0.93 mm. Slits installed. 
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Figure 22. Measured 1-D emission profile of soft x-rays 
focused by a nickel elliptical optic. The soft x-rays were 
produced by a 95 MeV electron beam incident on a 10 foil stack 
of titanium with 1 pm thick foils. The flux at peak height is 
.285 J/coulomb and the FWHM is 1.45 mm. Slits installed and 
6.5 pm of mylar was covering the entrance of the optic. 
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Figure 23. Measured 1-D emission profile of soft x-rays 
focused by a quartz cylindrical optic. The soft x-rays were 
produced by a 95 MeV electron beam incident on a10 foil stack 
of titanium with 1 pm thick foils. The flux at peak height is 
0.82 J/coulomb and the FWHM is 1.05 mm. Slits installed and 
6.5 um of mylar was covering the entrance of the optic. 
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V. ANALYSIS 


The data analysis presented in this paper 18S a graphical 
comparison of the intensity profiles displayed in Figures 14- 
Dae Previous experiments [Ref. 6] have demonstrated the 
ability of the cylindrical optical focusing System toa effec. 
tively focus theweonicall y ae caus pattern of TR. Based on 
the geometric properties of an ellipse, as presented in 
Chapter II, the elliptical optic should increase the overall 
intensity of the focal spot by one to two orders of magnitude. 
In order to determine if the results verify this theory, the 
profiles of the two optics with comparable electron beam 
energies were compared. Referring to Table III, the compari- 
sons made were trials 3 and 5, 7 and 8, and 9 and 10. These 
comparisons are shown in Figures 24-26. At first glance the 
quartz. seylineruca optic indicates apparently superior 
performance. However, upon further analysis it will be 
demonstrated that, assuming equivalent surface roughness, the 
nickel elliptical optic aetually collected 3-5 times Snenae 


energy. 


A. OPTIC LOSSES 
Before an accurate comparison of the above intensity 
profiles can be made, the total reflectivity, as given by the 


product of equations 272" and"2 139 mmst beweateu acca: As 
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previously discussed R=l as long as the angle of incidence is 
less than the critical angle of reflection. Table IV summa- 
rizes the maximum values of soft x-ray energy, for the two 
optics at various beam energies, to insure that the critical 
angle is not exceeded. For example, intensity profile #1 
(Figure 14) is from a beam energy of 85 MeV and a nickel optic 
with plasma a Frequency, o,, Jiao eV. “USING equation 1.5, 
this yields an optimum angle of incidence of 6 mrad. In order 
mer this to be less than the critical angle of reflection, as 
given by equation 2.2, the energy of the soft x-rays, gw, has 
to he less than 9.9 kev. 

Figures 27-31 show the dependence of equation 2.13 to the 
wavelength of the soft x-rays. It is easily seen that below 
a wavelength of .4 nm (above 3 kev) the reflectivity is 
approximately zero for all cases. However, Figures 14-23 all 
Sewea FOcusSed intensity profile. It follows that the energy 
ones - Lays Sehateaehemopmucs were abife to focus had to he 
less than 3 keV. Referring to Table IV, we see that 3 keV is 
below the maximum x-ray energy that will insure the angle of 
Premaence iS. less than the critical angle of reflection. 
Therefore Sale and the total reflectivity is given by 


equation 2.13 and graphically represented by Figures 27-31. 
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Figure 24. Comparison of intensity profiles from a nickel 
elliptical optic with an electron beam energy of 61 MeV and a 
quartz cylindrical optic with an electron beam energy of 65 
MeV. The elliptical optic has a peak flux of .058 J/coulomb, 
a FWHM of 1.82 mm, and collected .155 J/coulomb between +/- 
3.5 mm of peak compared to a peak flux of .31 J/coulomb, a 
FWHM of 1.19 mm, and .511 J/coulomb collected between +/- 3.5 
mn of peak for the cylindrical optic. 
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Figure 25. Comparison of intensity profiles from a nickel 
elliptical optic with an electron beam energy of 96 MeV anda 
quartz cylindrical optic with an electron beam energy of 95 
MeV. The elliptical optic has a peak flux of 0.60 J/coulomb, 
a FWHM of 1.35 mm, and collected 1.33 J/coulomb between +/- 
3.5 mm of peak compared to a peak flux of 1.5 J/coulomb, a 
FWHM of .93 mm, and 2.04 J/coulomb collected between +/- 3.5 
mm of peak for the cylindrical optic. 
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Figure 26. Comparison of intensity profiles from a nickel 
elliptical optic with an electron beam energy of 95 MeV and a 
quartz cylindrical optic with an electron beam energy of 95 
MeV. The optics had 6.5 pm of mylar covering their entrance. 
The elliptical optic has a peak flux of .285 J/coulomb, a FWHM 
of 1.45 mm, and collected 0.65 J/coulomb between +/- 3.5 mm of 
peak compared to a peak flux of .82 J/coulomb, a FWHM of 1.0 
mm, and 1.22 J/coulomb collected between +/- 3.5 mm of peak 
for the cylandrica! optic. 
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Figure 27. Reflectivity of nickel elliptical optic, as given 
by equation 2.13, with an electron beam energy of 61 MeV over 
a soft x-ray wavelength range of .248 nm (5 keV) to 2.48 nm 
oO eV). 
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Figure 28. Reflectivity of quartz cylindrical optic, as given 
by equation 2.13, with an electron beam energy of 65 MeV over 
a soft x-ray wavelength range of .248 nm (5 keV) to 2.48 nm 
(500 ev). 


54 


0.80 


Re eeemey 1 ly 


in minis totintariien dt [it tht tre) tr tt eee] 
0.00 0.50 1. GO 1.50 2.00 ZL BANG, 
WAVELENGTH (nm) 


Figure 29. Reflectivity of nickel elliptical optic, as given 
by equation 2.13, with an electron beam energy of 96 MeV over 
a soft x-ray wavelength range of .248 nm (5 keV) to 2.48 nm 
(500) eV). 
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Figure 30. Reflectivity of quartz cylindrical optxe, as given 
by equation 2.13, with an electron beam energy of 95 MeV over 
a soft x-ray wavelength range of .248 nm (5 keV) to 2.48 nm 
(50Gre vy): 
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Pegumemol. Reflectivity of nickel “elliptical optic, as given 
by equation 2.13, with an electron beam energy of 95 MeV over 


a soft x-ray wavelength range of .248 nm (5 keV) to 2.48 nm 
(500 eV). 
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TABLE IV 


a se) oe 
5, ee 3 


Eyy represents the maximum energy of soft x-rays €6 insti 
that the angle of incidence, as given by equation 1.5, does 
not exceed the critical angle of reflection, as given by 
equation 2.2, for the two optics at the electrons) 
energies used in the three comparisons shown in Figures 24- 
26k 







Increased surface roughness causes an increased variation 
of reflection angles, thereby a larger energy spread at focus. 
The surface roughness of the nickel and quartz optics is 14 
and 7 nm respectively [Ref. 12], which makes this effect 
Significant. Therefore, in order to determine how much energy 
each optic actually collected, the intensity profiles between 
+/- 3.5 mm of the peak intensity were numerically integrated, 
and the results are presented in Table V. The cylindrica: 
eptic still seems to have superior performance, however the 
surface roughness loss must be numerically taken into account. 


Figures 32-34 show graphical representations of the reflectiv- 


ae) 


Mmeewo: the nickel optic divided by the reflectivity of the 
emieietz Optic, ranging from .248 nm (5 kev) to 2.48 nm (500 
eV), for the three comparisons made. Again, the reflectiv- 


ities were determined from equation 2.13. 


TABLE V 


Beam Energy Measured Reflectivity Corrected 
(MeV Flux _ Ratio Flux 
(J/coul omb) (Nickel /Quartz) (J/coul omb ) 





Maple \V. Pe Us, Gime Ccthed soy optics. Column 1 shows the 
electron beam energy used in each trial. Column 2 shows 
the total integrated flux between +/- 3.5 mm of peak 
height. Column 3 shows the ratio of reflectivity of the 
fmerel optic to the quartz optic for the given electron 
beam energies. Column 4 shows the flux collected by the 
hickel optic divided by the ratio of reflectivity compared 
Mmemecne tTiux collected by the quartz optic. Trials 3 and 5 
assume a 1.56 keV dominance of x-rays whereas trials 7-10 
assume a 2 keV dominance. dui 2 a |S Cum) GeehOe wo 5S jm at 
mylar were covering entrance of optics. 


SePoaey (ne Raa Ue 


0.00 3 3 
0.00 Bi elS 1.00 1.50 2.00 Joa! 
WAVELENGTH (nm) 


Figure 32. Ratio of refl@ctivity of nieke!] elliptical opere 
with electron beam energy of 61 MeV to the reflectivity of the 
quartz cylindrical optic with electron beam energy of 65 MeV 
over range of soft x-rays from .248 nm (5 kev) to 2.48 nm (500 
kev). 
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Beaure 33. Ratio of reflectivity of nickel elliptical optic 
with electron beam energy of 96 MeV to the reflectivity of the 
quartz cylindrical optic with electron beam energy of 95 MeV 
over range of soft x-rays from .248 nm (5 keV) to 2.48 nm (500 
kev). 
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Figure 34. Ratio of reflectivity of nickel elliptical optic 
with electron beam energy of 95 MeV to the reflectivity of the 
quartz cylindrical optic with electron beam energy of 95 MeV 
over range of soft x-rays from .248 nm (5 kev) to 2.48 nm (500 
kev). 
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Bice oma tacwouan.e Gdesiqned to.emit photons at their K- 
edge frequencies [Ref. 16], therefore it is assumed the soft 
X-rays produced were dominated by photons at these energies. 
The K-edge of aluminum is given by [Ref. 16] as 1.56 kev (0.8 
Hine. The aluminum foil stack was used in trials 3 (nickel 
Sec) and 5 (quartz optic) and their corresponding intensity 
profiles are compared in Figure 24. Theseret) ectavi ty sot 
nickel with an electron beam energy of 61 MeV (beam energy in 
memoeooehor 1.56 keV x-rays is .03 as given by equation 2.13. 
The reflectivity of quartz with an electron beam energy of 65 
MeV (beam energy in trial 5) for 1.56 keV x-rays is .47 as 
meepen by .equation 2.13. Therefore, the reflectivity ratio 
(nickel/quartz) is .064. From Table V we see that the 
mmmemtratved £lux in trial 3 is .155 J/coulomb and in trial 51s 
Zoe 0/ Coulomb. In order to make an accurate comparison, 
independent of surface roughness, the integrated flux in trial 
3 must be divided by the reflectivity ratio calculated above. 
fesoeyields 2.42 J/coulomb collected in trial 3 (nickel optic) 
Semparea to .511 J/coulomb collected in trial 5 (quartz 
Merwe). This 1S almost a factor of five more flux collected 
by the nickel elliptical optic (see Table V). 

Trials 7-10 were done using a titanium foil stack. The 
Keedge of titanium is 5 keV {Ref. 16]. However, Figures 27-31 


show that the reflectivity of both optics is zero at a 


Sh) 


wavelength of 0.248 nm (5 keV). Specifically, Figures 27, 29, 
and 30 show that the reflectivity is zero below a wavelength 
of O24 SniveGowreys However, the corresponding intensity 
profiles exhibit a focus. Therefore, when comparing intensity 
profiles obtained uSing the titanium foil stack, a soft x-ray 
energy below 3 keV must be assumed. Taking this into acecoune 
along with previous measurements of the spectral photon 
density for titanium [Ref. 17], it is assumed that the soft x- 
rays generated from the titanium foil stack were dominated by 
2 keV photons. 

The comparison of trials 7 (nicke] optic) and 8&8 (quam. 
optic) is shown in Figure 25. The reflectivity of nicke lease. 
an electron beam energy of 96 MeV (beam energy in trial 7) for 
2 keV x-rays is .10 as given by equation 2.13. The reftleciiy. 
ity of guartz with an electron beam energy of 95 MeV (beam 
energy in trial 8) for 2 keV x-rays is .56 as given by 
eduatilenns +. oe Therefore, the reflectivity ratio (nickel/ 
quartz) is .18. From Table V we see that the integrated flux 
in trial 7 is 1.33 J/coulomb and in trial’e is 2.04 J/coultemee 
Dividing the integrated flux in trial 7 by the reflective, 
ratio, 7.39 J/coulomb for the nickel ellaptteal op, vou 
obtained (see Table V). This is approximately 3.5 times more 
flux collected by the nickél optic than the 2.04 J/coulone 


that - was collected” Sy the =aquartz coerce The comparison oF 
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mameis 9 (nickel optic) and WO (quartz optic) is shown in 
Pomere 26. The reflectivity of nickel with an electron beam 
energy of 95 MeV (beam energy in trial 9) for 2 keV x-rays is 
Seeweas given by equation 2.13. The reflectivity of quartz 
with an electron beam energy of 95 MeV (beam energy in trial 
mopeem@or 2 keV x-rays is .56 as previously determined. 
Therefore, the reflectivity ratio (nickel/quartz) is .17. 
From Table V we see that the integrated flux in trial 9 is 
moo o/coulomb and in trial 10 is 1.22 J/coulomb. Dividing 
Meeminmtegqrated flux in trial 9 by the reflectivity ratio, 3.82 
I/coulomb is obtained (see Table V). This 1s approximately 3 
mes more flux collected by the nickel optic than the 1.22 


feeeoulomb that was collected by the quartz optic. 


B. EFFECTS OF MYLAR 

The intensity profiles compared in Figure 26 were 
produced with 6.5 microns of mylar covering the entrance of 
meemortiics. it waS originally assumed that the reflectivity 
of the optics would improve with shorter wavelength x-rays, 
and therefore an attempt was made to filter out the longer 
wavelength x-rays. However, as can be seen from Figures 27- 
31, this assumption was wrong. The reflectivity of the optics 


is better with longer wavelength x-rays. 


One piece of information that can be extracted fromeere 
use of mylar is to help determine what energy of soft x-rays 
is dominant in the TR produced from the titanium £01] stacm 
As previously mentioned, a 2 keV dominance was originally 
assumed. Furthermore, it has been shown that the reflectivity 
above 3 keV is approximately zero, and ast eb is the upper 
limit of the soft x-ray energy that was focused. In order to 
determine the lower limit, the attenuation due to the mylar is 


calcuYated in the range 0.1-5 keV. FPromeiRet aac 
Tele” 


where p is the x-ray attenuation coefficient of mylar [Ref. 
19], and x is the thickness of the mylar. A graph of Wacky is 
shown in Figure 35, which clearly shows that the 6.5 microns 
of mylar effectively filtered the x-rays below approximately 
l1 kev. If the soft x-rays were dominated by energies of 1 kev 
and below, the energy collected by the optics with the mylar 
installed would be negligible compared to the optics without 
the mylar. In addition, the focal spot would be much wider 
due to the decreased reflectivity at higher energies. 
However, the optics with the mylar collected approximately 50% 
of the energy collected without the mylar and the focal spots 
are comparable. See Figures 25 and 26. Therefore it ie 
concluded that the TR produced from the titanium foil stack 
was dominated by soft x-rays in the energy range of 1-3 keV 


and the original assumption of 2 keV is therefore valid. 
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Figure 35. Attenuation of soft x-rays due to 6.5 wm mylar 
covering the entrance of the optics. 
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Although superior performance of the nickel elliptical 
optic, with equivalent surface roughness at specific energies 
of soft x-rays has been shown, it is informative to investi- 
gate the performance of the nickel elliptical optic with 
equivalent surface roughness over a range of soft x-ray 
energies. Tables VI-VIII summarize the performance from .248 
nm (5 keV) to 2.48 nm (500 eV) for each ey: the comparisons 
made. Figures 36-38 graphically display Tables (Viva 
respectively. Figures 39-41 are a graphical representation of 
the flux collected by the nickel optic divided by the flux 
collected by the quartz optic over the same energy range for 
each comparison. It is easily seen that as long as the energy 
of the x-rays was dominated by wavelengths below 1.24 nm 
(above 1 keV) the nickel elliptical optic performed as well or 
better than the quartz cylindrical optic. It was previously 
shown, in the discussion of the effects of mylar, that x-rays 
below 1 keV can be neglected with the titanium foil stack. 
However, they must be considered with the aluminum foil stack 
Since a lower limit on x-ray energy was never determined for 
aluminum. Furthermore, it is unlikely that x-rays belowsgee 
nm (above 3 keV) were dominant with either foil stack since 


the reflectivity of both optics goes to zero at this level. 
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WAVELENGTH (nm) CORRECTED FLUX COLLECTED 
(+/- 3.5 mm of peak) 
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Table VI. In reference to Figure 24, corrected flux col- 
lected by nickel optic with equivalent surface roughness as 
quartz optic assuming that the TR is monochromatic at each 
wavelength in the first column. The flux was corrected by 
the same procedure shown in Table V. The flux collected by 
mem ouaArtamODtiCawas «Sill wl/coulombsas shown in Table.v. 
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TABLE VII 


WAVELENGTH (nm) CORRECTED FLUX COLLECTED 
(+/- 3.5 mm of peak) 
(J/coulomb) 
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Table VII. In reference to Figure 25, corrected tluxeeie 
lected by nickel optic with equivalent surface roughness as 
quartz optic assuming that the TR is monochromatic at each 
wavelength in the first column. The flux was corrected by 
the same procedure shown in Table V. The flux collected by 
the quartz optic was 2.04 J/coulomb as shown in Table V. 
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TABLE VIII 





CORRECTED FLUX COLLECTED 
(+/- 3.5 mm of peak) 


WAVELENGTH (nm) 


(J/coulomb) 
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Table VIII. In reference to Figure 26, corrected flux col- 
lected by nickel optic with equivalent surface roughness as 
quartz optic assuming that the TR is monochromatic at each 
wavelength in the first column. The flux was corrected by 
the same procedure shown in Table V. The flux collected by 
the quartz optic was 1.22 J/coulomb as shown in Table V. 


71 


at. = a 


AGN 


oye 


12. 


PHOTON FLUX ( Joules/coul omb) 


0. 


Figure 36. 
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Graphical display of data in Table VI. 
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Graphical display of data in Table VII. 
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Graphical display of data in Table VIII. 
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Figure 39. Graphical display of corrected flux, as given in 
Table VI, divided by the flux collected by the quartz optic as 
stated in the caption of Table VI. This graph is the same 
graph as in Figure 36, divided by .511 J/coulomb. 
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Figure 40. Graphical display of corrected flux, as given in 
Table VII, divided by the flux collected by the quartz optic 
as stated in the caption of Table VII. This graph is the same 
graph as in Figure 37, divided by 2.04 J/coulomb. 
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Figure 41. Graphical display of corrected flux, as given in 
Table VIII, divided by the flux collected by the quartz optic 
as stated in the caption of Table VIII. This graph is the 
same graph as in Figure 38, divided by 1.22 J/coulomb. 
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VI. CONCLUSIONS AND RECOMMENDATIONS 


A cylindrical or elliptical optic coupled to a transiama 
radiation x-ray source 1S a viable and practical method of 
focusing x-rays. If the transition radiation is dominavecme: 
1-3 keV x-rays, the nickel elliptical optic demonstrates the 
possibility of collecting 3-5 times more energy than the 
quartz cylindrica laeop mace The peak height and FWHM were 
better with the cylindrical quartz optic due to the nickel 
elliptical optic having a much greater surface roughness. A 
follow up experiment should be done comparing a cylindrical 
and elliptical optic of the same material with equivalent 
surface roughness. This would allow the effect of Jin 
different geometries to be analyzed directly. Adelphi Tech. 
has recently had a nickel cylindrical optic fabricated for 
JUS thismourpose. 

In carrying out this follow on experiment it is essential 
that the optics are concentric to the axis of the conical 
photon beam as defined by the axis of the electron beam, and 
that they are placed exactly at the midpoint between the foil 
stack and detector. This will ensure maximum reflection and 
minimize the FWHM at focus. 

The theory behind the elliptical optical focusing system 


assumes a point source. Since the TR produced is not a true 
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point source, there will be some inherent focal spreading. It 
might be worth considering using the flash x-ray machine to 


overcome this effect. 
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APPENDIX 


A. ALTERNATIVE X-RAY OPTICS 

An alternatave method of focusing x-ray mans 
radiation was studied by M. A. Kumakhov of the Soviet Union in 
1986 [Ref. 19]. The use of optical grazing incidence, based 
on the effect of total external reflection, is also the theory 
behind this@study. He proposed the development of x-ray 
optics based on multiple reflection of x-ray radiation s2aem 
Suitably curved surfaces. The various x-ray optical systems 
created on this basis allow the handling of x-ray beams swig 
a wide range of frequencies and angles. The energy interval 
that was examined was between 0.1 keV to 10 MeV, i.e., the x- 
and gamma-ray range. The angles were varied from a few to 
several hundred times the angle of total external reflection; 
e.g., at photon energies of keV these angles are of the order 
Of 1l=2emace 

These new optics make it possible to concentrate extreme- 
ly high densities of x-ray radiation in a smal] spotwommean 
object under investigation. In addition, these optics allow 
one to form a quaSiparallel beam of large cross section from 
a high divergence beam. 

The optics are illustrated in Figure A-l2 assuming eaas 


an x-ray photon is reflected from a surface with a high 
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probability (close to unity) it can travel along an empty 
channel while being reflected many times. If this channel is 
curved so that the radius of curvature: 


a 
62 


R> 


where d is the diameter of the channel and 6, is the Fresnel 
reflection angle, the photon will travel in the curved 
channel. In order transform radiation with divergence into a 
parallel beam, the geometry illustrated in Figure A-2 18s 
required. The angle of divergence 1s divided into smaller 
angles and each curved channel turns by a required angle that 
part of the radiation which enters the channel. A channel on 
the periphery obviously will turn radiation by a larger angle 
than a channel located near the axis. The channels, a system 
of layered smoothly curved capillary tubes, were arranged so 
that the angles of incidence on the channel walls were smaller 
Biam the Fresnel reflection angle. This system made it 
possible to transform divergent radiation into an almost 
parallel beam. Figure A-3 illustrates an extension of this 
geometry where x-ray lens not only transforms divergent 
radiation into a parallel beam, but further focuses it ina 


required spot. 


Figure A-l. Illustration of ‘“channelanco ciirhoteac: 


Figure A-2. Illustration of the transformation of a divergent 
into a quaSiparallel beam. 
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KR photograph of the first x-ray lens made in the Soviet 
Union is presented in Figure A-4. The angle of radiation 
Gapture is 23°, the focal length is 5 cm, and the total length 
of the lens is 98 cm. Pemeconelets) of 2000 mcap1]lary tubes 
with an outer diameter of 0.4 mm and a channel diameter of 
0.36 mm. The capillary tubes form a hexagonal close-packed 
array in cross section. The area of the hollow channels cover 
73% of the total area of the entry and exit cone of the 
system. The length of the end linear section of the capillary 
tubes 1s 5 cm. The middle section of the capillary tubes has 
aelbeemucmor Curvature ranging from two meters in the outer 
layer to infinity for the central tube. The lens was designed 
meee msing soft x-rays (l-2 kev). Figure A-5 shows x-ray 
photographs taken at different distances from the exit cone of 
the system. It can be seen very clearly how 2,000 x-ray beams 
are focused at an exactly calculated distance. Figure A-6 1s 
emperor Cdraph of a system that transforms divergent radiation 
Ween a GuaSiparallel beam. ht 1S8en X-ray wlens Emuncated in 
tos middle. timeecnomccs of 1277000) capillary tubes, dnd it 
GlamstOrms tadiation with a divérgence of 0.5 rad into a 
quasiparallel beam with a divergence of 10” rad. The cross 


sectional area of the beam is approximately 200 om’. 


sie) 





Figure A-4. Photograph of an x-ray lens. 
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The results obtained from these experiments show promis- 
ing application for these optical systems. They can be used 
in combination with sources such as high-power x-ray tubes, 
laser-plasma and pinch x-ray sources, synchrotron radiation, 
ehannelinage radiation, and transition radiation. In 1990, 
Walter Gibson, a highly regarded physicist from the State 
University of New York at Albany, founded a company called xX- 
Ray Optical Systems Inc., with the goal of marketing the 


Kumakhov Lens [Ref. 20]. 





Figure A-5. Process of focusing 2,000 x-ray beams. 
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Figure A-6. X-ray system for transformation ocr a diverge. 
into a quasiparallel beam. 
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